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[57] ABSTRACT

An operation control method for a nuclear reactor per-
forming a load follow-up operation in accordance with
a load variation program, wherein a core reactivity
which changes with time in a first cycle of operation is
predicted based on the load variation program and data
for analyzing dynamic characteristics of the reactor,
and a change in a liquid poison concentration in the first
cycle of operation is obtained based on the predicted
reactivity, and reactor power is controlled in the first
cycle of operation by adjusting the liquid poison con-
centration in accordance with the obtained change.
When the liquid poison concentration is adjusted and
control rods are manipulated, a reactivity introduced by
these operations in the first cycle of operation is ob-
tained, and an adjustment to be made to the liquid poi-
son concentration in the second cycle of operation
which is the next cycle of operation following the first
cycle of operation is obtained from the reactivity intro-
duced in the first cycle of operation. When the change
in reactivity in the second cycle of operation becomes
equal to that in the first cycle of operation, and reactor
power is controlled in the second cycle of operation by
performing the obtained adjustment of the liquid poison
concentration.

13 Claims, 20 Drawing Figures
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1

OPERATION CONTROL METHOD FOR
NUCLEAR REACTOR

BACKGROUND OF THE INVENTION

This invention relates to operation control methods
for nuclear reactors, and more particularly it is con-

cerned with an.operation control method for a nuclear
reactor that can have application in a nuclear reactor
performing a daily load follow-up operation in which
power control 1s effected by using control rods and
liquid poisons. |

A pressure tube type nuclear reactor comprises a
multiplicity of pressure tubes having fuel assemblies
therein which are mounted in a calandria tank to extend
through a moderator contained therein. A coolant flows
through the pressure tubes. Power control of this type
pressure tube type nuclear reactor is effected by insert-
ing and withdrawing control rods in the moderator
between the pressure tubes 1n the calandria tank, and
adjusting the concentration of a liquid poison incorpo-
rated in the moderator in the calandria tank.

In recent years, there has been a tendency to adopt a
method of operation of a nuclear reactor which aims
not only at producing a fixed reactor power for a base
load but also at developing a reactor power which may
vary depending on a fluctuation in load, by performing
a load follow-up operation. The pressure tube type
nuclear reactor of the type described hereinabove is not
an exception, and research has been conducted into the
possibilities of incorporating the load follow-up opera-
tion in this type of nuclear reactor. For example, a pro-
posal has been made in Japanese Patent Laid-Open No.
141594/82 to incorporate the load follow-up operation
in a pressure tube type nuclear reactor.

The document referred to hereinabove shows in FIG.
5 thereof a load follow-up operation control system for
a pressure tube type nuclear reactor which 1s designed
to effect control of operation of a nuclear reactor in a
manner to cope with demands for electrical power
which vary from daytime to nighttime during a day by
increasing power in the daytime and reducing it in the
nighttime everyday. In a nuclear reactor using control
rods and hiquid poison concentration adjustments as
control means, such as a pressure tube type nuclear
reactor and pressurised-water reactor, control is ef-
fected to keep the reactor power in the range of allow-
able powers between an upper limit line and a lower
limit line set above and below, respectively, a power fall
line or a predetermined power fall rate (or a power rise
line or a predetermined power rise rate) in accordance
with a fall (or a rise) of the reactor power.

Load follow-up operation control of a pressure tube
type nuclear reactor will be described. In this control
process, a high reactor power achieved in the daytime is
reduced to a low power level in the nighttime by in-
creasing the concentration of a liquid poison in the
calandria tank. Insertion and withdrawal of the control
rod are performed only when the reactor power tends
to exceed the upper limit line or lower limit line of the
range of allowable powers because they cause great
damage to the fuel assemblies by bringing about sudden
changes 1n reactor power. Operation of the control rods
has a much higher rate of change in reactor power than
adjustments of the concentration of the liquid poison,
and has the risk of damaging the fuel assemblies in a
high nuclear power range. Thus, one should refrain
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from operating the control rods as much as possible in
the high power range.

The load follow-up operation control of the pressure
tube type nuclear reactor shown in FIG. 5 of the docu-
ment referred to hereinabove aims at the reduction of
the number of times of operation of the control rods
during a load follow-up operation of the reactor. The
control 1s effected by obtaining predicted values of
changes with time of the reactivity from changes in the
reactor power by using values of the reactor power set
beforehand and data for analyzing the dynamic charac-
teristics of the nuclear reactor, splitting the time for
effecting power control into time units in accordance
with the changing rate of reactivity obtained from the
predicted values, and determining optimum values of
the quantity of liquid poison to be injected or removed
for each time unit, to thereby control the concentration
of the liquid poison in the calandria tank to an optimum
level at all times. Although this control process has
achieved a success in reducing the number of times of
operation of the control rods, the control rods are still
operated for about 300 times to keep the reactor power
to the vicinity of 50% when a load follow-up operation
of the reactor is performed while maintaining the reac-
tor power at a 50% level.

SUMMARY OF THE INVENTION

An object of this invention is to provide a method of
operation control for a nuclear reactor enabling load
follow-up operation control performed repeatedly to be
simplified in process.

Another object 1s to provide a method of operation
control for a nuclear reactor capable of reducing the
number of times of operation of control means for ef-
fecting coarse adjustments of the power of the nuclear
reactor.

One outstanding characteristic of the invention is that
a reactivity introduced by operating control means in a
first cycle of a load variation program is obtained, a
manipulated variable of second control means for ef-
fecting fine adjustments of reactor power in a second
cycle of the load variation program which follows the
first cycle is obtained based on the reactivity introduced
in the first cycle, and control of reactor power is ef-
fected by operating the second control means in the
second cycle based on the manipulated variable ob-
tained 1n the first cycle.

The outstanding characteristic described hereinabove
simplifies the process of effecting load follow-up opera-
tion control because power control is effected by oper-
ating the second control means in the next following
cycle based on the reactivity introduced in the preced-
ing cycle, thereby facilitating load follow-up operation
control.

Another outstanding characteristic is that a reactivity
introduced by operating first control means in a first
cycle of a load variation program is obtained, a manipu-
lated variable of second control means for effecting fine
adjustments of reactor power in a second cycle of the
load variation program which follows the first cycle is
obtained based on the reactivity introduced in the first
cycle, and control of reactor power is effected by oper-
ating the second control means in the second cycle
based on the manipulated variable obtained in the first
cycle, when a change in the reactivity occurring in the
second cycle becomes equal to a change in the reactiv-
ity occurring in the first cycle.
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The outstanding characteristic described hereinabove
enables the number of times of operation of the first
control means for effecting coarse adjustments of reac-
tor power to be reduced much more than the first men-
tioned outstanding characteristic.

It has been ascertained that, when load follow-up
operation of a pressure tube type nuclear reactor is
performed, if the load variation program has the same
pattern for each and every day of the operation or if the
operation is performed in accordance with the same
load variation cycle every day, then changes in the
reactor core reactivity have substantially the same pat-
tern after the second day of operation. This phenome-
non will be described. FIG. 1 shows changes in the
reactivity in the reactor core of a pressure tube type
nuclear reactor which occur when load follow-up oper-
ation is performed by varying the load every day. In
this case, the load follow-up operation is performed in
accordance with a load variation program 37A having
an operation pattern (load variation cycle) in which an
electrical power is reduced from 100% to 50% 1in one
hour as indicated by a characteristic 1 (solid line) and
kept at a 50% level for eight hours, followed by a rise
from 50% to a 100% level in one hour after lapse of the
eight hours and holding the electric power at the 100%
level for fourteen hours. This operation pattern is re-
peated every day. Assume that the pressure tube type
nuclear reactor has been operated to obtain 100% of
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electrical power until the load follow-up operation in °

conformity with the load follow-up operation program
37A is initiated. Then, if the electrical power changes as
indicated by the characteristic 1, a thermal power of the
nuclear reactor changes from 55% to 100% as indicated
by a characteristic 2 (broken line) and the concentration

of xenon produced in the reactor core by nuclear fission
changes as represented by a characteristic 3 (one-dot-
and-dash line). If the electrical power shows the

changes represented by the characteristic 1, then the
reactor core reactivity changes as indicated by a char-
acteristic 4 (two-dot-and-dash line) under the influences
of the changes in the xenon concentration and power
coefficient. The reactor core reactivity indicated by the
characteristic 4 is such that, except for the first day on
which the mode of operation of the nuclear reactor is
switched, changes occurring in the reactor core reactiv-
ity follow substantially the same pattern every day.

This phenomenon occurs also when the pattern of
load follow-up operation is switched from one with a
range between a high electrical power of 100% and a
low electrical power of 50% to one with a range be-
tween a high electrical power of 100% and a low elec-
trical power of 70%. Stated differently, when the load
follow-up operation is performed in accordance with
the latter pattern, changes occurring in the reactor core
reactivity follow substantially the same pattern after the
second day following the first day of introduction of a
change in pattern.

The invention is based on the discovery that when
load follow-up operation is performed repeatedly in
accordance with the same pattern, changes occurring in
the reactor core reactivity are substantially equal to
each other after the same pattern of operation is repeat-
edly performed several times.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a view in explanation of changes occurring
in various characteristics in a pressure tube type nuclear
reactor when load follow-up operation is performed;
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FIG. 2 is a systematic view of a load follow-up opera-
tion control system suitable for carrying into practice
the operation control method.according to the mven-
tion as incorporated in a pressure tube type nuclear
reactor;

FIG. 3 is a sectional view taken along the line IlI-
—I1I in FI1G. 2;

FIG. 4 is a detailed systematic view of the load fol-
low-up operation control system shown m FIG. 2;

FIG. 5 is a view in explanation of the load variation
program;

FIG. 6 is a systematic view of the control rod drive
control unit shown in FIG. 4;

FIG. 7 is a flow chart showing the function of the
liquid poison removing and injecting rates modifying
device shown in FIG. 4.

FIG. 8 is a flow chart showing the function of the
control rod position correcting device shown in FIG. 4;

FIG. 9 is a flow chart showing the function of the
liquid poison removing and injecting rates determining
device shown in FIG. 4;

FIG. 10 is a view in explanation of the dynamic char-
acteristic of xenon and samarium;

FIG. 11 is a characteristic view showing changes in
reactor core reactivity;

FIG. 12 is a characteristic view showing changes In
necessary control reactivity;

FIG. 13 is a view in explanation of determination of
control time units;

FIG. 14 is a characteristic view showing the concen-
tration of the liquid poison in the heavy water in rela-
tion to the reactivity;

FIG. 15 is a characteristic view of the liquid poison
removing and injecting reference rates;

FIG. 16 is a flow chart showing the function of the

introduced reactivity calculating unit shown in FIG. 2;
FIG. 17 is a characteristic view of the control rod

position in relation to the introduced reactivity;

FIG. 18 is a charactierstic view of the liquid poison
removing and injecting operation time in relation to the
introduced reactivity;

FIG. 19 is a flow chart showing the function of the
liquid poison removing and injecting rates providing
unit shown in FIG. 2; and

FIG. 20 is a systematic view of another form of load
follow-up operation control system suitable for carry-
ing another embodiment of the invention into practice
in a pressurized-water nuclear reactor.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

A preferred embodiment of the method of controlling
a load follow-up operation of a nuclear reactor in con-
formity with the invention will now be described by
referring to FIG. 2 which shows a load follow-up oper-
ation control system suitable for carrying the operation
control method according to the invention into practice
in a pressure tube type nuclear reactor. As shown, the
pressure tube type nuclear reactor comprises a calandria
tank 1 containing heavy water functioning as a modera-
tor, and pressure tubes 2 mounted in the calandria tank
1 in a manner to extend therethrough and each having a
fuel assembly 3 therein. As shown in FIG. 3, the pres-
sure tubes 2 in the calandria tank 1 are arranged In a
horizontal cross section in such a manner that light
water serving as a coolant (hereinafter cooling water) is
supplied to the interior of each pressure tube 2 from its
lower portion and heated by the fuel assembly 3 in each
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pressure tube 2 into steam. The cooling water contain-
ing the steam 1s supplied to a steam drum, not shown,

from an upper portion of each pressure tube 2. In the
steam drum, the steam 1s separated from the cooling
water and fed into a turbine, not shown. The cooling
water is led again to the lower portion of each pressure
tube 2 together with feedwater supplied to the steam
drum. In some pressure tube type nuclear reactors,
heavy water may be used as a coolant. In this case, the
heavy water discharged from the pressure tubes 2 is
subjected to heat exchange with light water in a steam
generator before being returned to the pressure tubes 2.
The light water is converted to steam in the steam gen-
erator which is fed to a turbine. The heavy water in the
calandria tank 1 which serves as a moderator i1s circu-
lated through a heavy water circulating line 5 to and
from calandria tank 1 by a circulation pump 4.
Control of the power of the pressure tube type nu-
clear reactor is effected by manipulating power control-
ling control rods (stainless steel rods) 6 inserted and
withdrawn in the calandria tank 1 -between the pressure
tubes 2 or fuel assemblies 3, and adjusting the concen-
tration of a liquid poison contained in the heavy water
filled in the calandria tank 1. The control rods 6 are
linked to control rod drive mechanisms 7 which move
them into and out of a reactor core constituted by a
multiplicity of fuel assemblies 3. In addition to the
power controlling control rods 6, a multiplicity of con-
trol rods, not shown, for shutting down the nuclear
reactor are provided. The shutdown control rods are

withdrawn from the reactor core during normal opera-
tion of the reactor but inserted therein when the reactor
is shut down. Adjustments of the concentration of the
liquid poison are effected by manipulating a liquid poi-
son injecting device 9 and a liquid poison removing
device 16 mounted on the heavy water circulating line
5. The liquid poison injecting device 9 comprises a line
10 connected to the heavy water circulating line 5, a
liquid poison tank connected to the line 10 and having a
liquid poison filled therein, and a stop valve 12 and a
flowrate control valve 13 mounted in the line 10. A
liguid poison concentration meter 14 and a flow meter
15 are mounted in the line 10. The liquid poison remov-
ing device 16 comprises a line 17 connected at both ends
to the heavy water circulating line 5, a liquid poison

removing tower 18 mounted on the line 17 and having,

an ion exchange resin charged therein, and stop valves
19 and 20 mounted in the line 17. A flow meter 21 is
mounted in the line 17, and a flowrate control valve 22
is mounted in the heavy water circulating line § and
brought to full open position when the liquid poison
removing device 16 is inoperative or the stop valves 19
and 20 are closed. When the liquid poison removing
device 16 1s in operation or when the stop valves 19 and
20 are open, the degree of opening of the flowrate con-
trol valve 22 is reduced to thereby control the flow rate
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of the heavy water supplied through the heavy water .

circulating Iine 5 to the liquid poison removing tower
18.

Control of the operation of the control rods 6, liquid
poison injecting device 9 and liquid poison removing
device 16 is effected based on outputs of neutron detec-
tors 23 located in the heavy water within the calandria
tank 1 between the pressure tubes 2.

The load follow-up operation control system for the
pressure tube type nuclear reactor of the aforesaid con-
struction comprises a load follow-up control apparatus
24, a liquid poison removal control unit 29A, a liquid
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poison injection control unit 29B, a constant load fol-
low-up control apparatus 30, an overall reactor power
control apparatus 33 and a control board 34. All the
control apparatus except the control board 34 are con-
stituted by an electronic computer. The overall reactor
power control apparatus 33 coordinates the operations
of the load follow-up control apparatus 24 and constant
load follow-up control apparatus 30.

Control of the reactivity of a relatively high magni-
tude that 1s performed over a relatively prolonged per-
iod of time 1s advantageously effected by adjusting the
concentration of the liquid poison in the heavy water;
control of the reactivity that is performed over a rela-
tively short period of time is advantageously effected by
manipulating the control rods 6. However, operation of
the control rods 6 in the range of high reactor powers is
preferably avoided to reduce the risk that damage might
be caused to the fuel. Adjustments of the concentration
of a liquid poison constitute control means of slow ac-
tion suitable for effecting fine adjustments of the reactor
power, and operation of the control rods 6 which
achieves results instantly can be said to constitute con-
trol means which 1s suitable to effect corase adjustments
of the reactor power because 1t causes a greater change
to occur in the reactor power than the adjustments of
the concentration of the liquid poison. In the embodi-
ment of the invention shown and described herein, load
follow-up operation of the nuclear reactor is performed
by adjusting the concentration of the liquid poison for
controlling the reactivity of the reactor.

The load follow-up control apparatus 24 comprises,
as shown in FIG. 4, a control rod drive control unit 285,
a liquid poison removing and injecting rates correcting
unit 26, a liquid poison removing and injecting rates
determining unit 27 and a control rod position correct-
ing unit 28. The constant load follow-up control appara-
tus 30 comprises, as shown 1n FIG. 2, an introduced
reactivity calculating unit 31, and a hqud poison re-
moving and injecting rates providing unit 32.

The embodiment of the load follow-up operation
control method in conformity with the invention for
performing a load variation program 37A of the charac-
teristics (electrical power) shown in FIG. 1 by using the
load follow-up operation control system of the con-
struction described hereinabove will be described here-
inafter in detail. FIG. § shows a load variation program
37B which shows in terms of changes in the thermal
power of the nuclear reactor the load variation program
37A which is shown in terms of changes in the electrical
power as shown in FIG. 1. Stated differently, the load
variation programs 37A and 37B are similar to each
other. The load variation program 37B shows an opera-
tion pattern in which the thermal power of the nuclear
reactor (hereinafter reactor power) 1s reduced from a
100% level to a 55% level in one hour and kept at the
55% level for eight hours, and then it is raised from the
55% level to the 100% level in one hour and kept at the
100% for fourteen hours. This operation pattern 1is re-
peated every day until a command is given from the
operation board 34 to terminate the operation. It is
because the turbine efficiency drops when the reactor
power falls that the electrical power drops to a 50%
level when the reactor power falls to a 55% level. Bro-
ken lines 38 and 39 in FIG. 5 represent an upper limit
value and a lower limit value respectively of the load
variation program 37B. When reactor power control is
performed, pressure tube type nuclear reactor 1s liable
to be influenced by changes in the concentration of
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.. xenon, resulting in fluctuation in the reactor power. The ' the forward end of each control rod 6. It is determined - 000
______ ' it value 38 and lower limit value 39 are pro- . in the block 25E whether or not Hcg(t) satisfies the - . .00
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' variation program 37B have differential powers AP L

________________________

Sooro oo gram 3TA (FIG. 1) to the load variation program 37B . removing and injecting rates correcting unit 26.. oo

S U (FIG. 8). The time tis measured by a timer mechanism
- of the overall reactor power control apparatus 33. The 5.

the control rod drive control unit 25 obtains a reactor

on the output signal $i(t) of each control zone 1. The
output signal Px{t) of the block 25A 1is inputted to a
block 25B. By obtaining the total of reactor powers
P1(t) of the control zones i, a reactor power Pj(t) of the
nuclear reactor can be obtained. The reactor power
P..(t) is inputted to a block 25C and comparison is per-
formed to determine whether or not the conditions of
equation (1) are satisfied:

Pp()— AP Ppl) < Pp(t)+ AP (1)

When the conditions of equation (1) are satisfied, the
control rod drive mechanism 7 remains inoperative and
the control rods 6 are not manipulated. When the condi-
tions of equation (1) are not satisfied, the following
operations are performed. When Pp(t) 1s smaller than
[Px(t)+ AP}, the block 25C produces a control rod with-
drawing signal; when Pp(t) is larger than [Pp(t)+ AP],
the block 25C produces a control rod inserting signal.
When these control rod manipulating signals are pro-
duced, one of the control rod drive mechanisms 7 corre-
sponding to the produced signal is selected by a block
25D, and an output signal of the block 25D is inputted
to the selected control rod drive mechanism 7, so that
the control rods associated with the selected drive
mechanism 7 are withdrawn from {or inserted into) the
reactor core until the conditions of equation (1) are
satisfied. A control rod position detector 8 of the con-
trol rod drive mechanism 7 produces as its output a
position signal Hcg(t) which is transmitted to a block
25E. The position signal Hcg(t) refers to the position of

tained rate. The mean differential time is stored in the
liquid poison removing and injecting rates correcting
unit 26. In step 26A, it is determined whether or not the
mean differential time At has elapsed. When the mean
differential time At has elapsed, the position signal
Hcg(t) for the control rods 6 inputted from the control
rod drive control unit 25 is stored (step 26B). A position
signal Hcg(t) produced at a point in time at which a
new mean differential time At has elapsed a position
signal Hcpr(t) stored before the time At has started are
referred to as H; and Ho respectively. An introduced
reactivity attributed to manipulation of the control rods
6 for the mean differential time At is obtained by the
following equation (step 26C):

AKC=(H)~-Hop)a (3)

where a is a reactivity corresponding to the movement
of a unit length of the control rod 6.

Then, the introduced reactivity attributed to the con-
trol rods 6 is converted to a liquid poison concentration
AP for obtaining an equivalent reactivity by the follow-
ing equation (step 26D):

AP=AKC/S3 (4)

where B is a reactivity per unit concentration of the
liquid poison. A correction value AV g to be incorpo-
rated in the liquid poison removing or injecting rate in
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the next following mean differential time At is obtained
by the following equation (step 26E):
AVcr=AP/At (5)

The new correction value AV cg obtained in step 26E
is stored in step 26F in place of the correction value
AV cr stored before lapse of the mean differential time
At. The correction value AV g 1s outputied from the
liquid poison removing and injecting rates determining
unit 27 after lapse of the next following mean differen-
tial time At prior to initiation of manipulation of the
control rods 6.

The control rod position correcting unit 28 1s in-
tended to bring the position of the control rods 6 within
a predetermined range. The function of the unit 28 wiil
be described in detail by referring to FIG. 8. When the
conditions of equation (2) are not satisfied and the
switch 25F is closed, a position signal Hcgr(t) that does
not satisfy the conditions of equation (2) 1s inputted to
the control rod position correcting unit 28, and it is
determined by the following equations whether the
liquid poison should be removed or injected to correct
the position of the control rods 6 (step 28A):

Hcr(t) <HcrY— Ak (6)

Her()>Her® + Ak (7)
When the conditions of equation (6) are satisfied, the
liquid poison is removed; when the conditions of equa-
tion (7) are satisfied, 1t 1s injected.

When the conditions of equation (6) are satisfied, it 1s
determined whether or not the relation of the following
equation holds (step 28B):

Her(DZ Her"— Ak (8)

When the answer is in the negative, a liquid poison
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injection rate signal VcgrIVN is outputted (step 28C). 40

When the answer is in the affirmative, an operation
termination signal Syy for terminating the injection of
the liquid poison is outputted (step 28D).

When the conditions of equation (7) are satisfied, it 1s

determined whether or not the relation of the following 45

equation holds in step 28E.:

Hcr(=HcRY+ Ak %)
When the answer is in the negative, a liquid poison
removing rate signal VcrOUT is outputted (step 28F).
When the answer is in the affirmative, an operation
terminating signal Soyrfor terminating the operation of
removing the liquid poison is outputted (step 28G). The
injection rate signal Vcgr!N, removing rate signal
VcrOUT and operation terminating signals S;n and
SouT are supplied to the liquid poison removing and
injecting rates determining unit 27 as described herein-
above.,

The function of the liquid poison removing and in-
jecting rates determining unit 27 will be described by
referring to FIG. 9. The load variation program 37B 1s
inputted from the overall reactor power control appara-
tus 33 to the liquid poison removing and injecting rates
determining unit 27. First, in step 27A, dynamic charac-
teristics, such as xenon number density, samarium num-
ber density, etc., corresponding to the load variation
program 37B are obtained from a core point xenon
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kinetic model. More specifically, changes in the number
densities are obtained by the following equations:

A — 3% — Al (10)
XE = B3Yy 4+ Ml — (Ax + oXe ()
dPm (12)

5 = b2rYy, — ApPm

dSm

£ = $3/¥s + AP — (s + GTa)Sm (13)

where

t: time.

I: number density of iodine in the fuel.

Xe: number density of xenon in the fuel.

Pm: number density of promethium in the fuel.

Sm: number density of samarium in the fuel.

¢: mean neutron flux n the fuel.

2. macroscopic absorption cross section in the fuel.
Y: production rate of each atom by fisson.

A: decay constant of each atom.

04 microscopic absorption cross section of each atom.
Data, such as 25 Y, A and o4, necessary for calculation
are stored 1n the liquid poison removing and injecting
rates determining unit 27. FIG. 10 shows changes in the
number densities of xenon and samarium obtained by
equations (10)-(13) which correspond to the load varia-
tion program 37B. Then, changes in reactor core reac-
tivity are obtained in step 27B. A change 1n reactor core
reactivity is the sum of changes in reactivity corre-
sponding to changes in the number densities of xenon
and samarium and a change in reactivity corresponding
to a change in reactor power. The changes in reactivity
corresponding to the changes in the number densities of
xenon and samarium and the change in reactor power
can be obtained by proportional calculation done with
respect to changes in the number denstties of xenon and
samarium and the change in reactor power. FIG. 11
shows the results of calculation done on the change in
nuclear core reactivity together with the changes in
reactivity corresponding to the changes in the number
densities of xenon and samarium and the changes In
reactivity (Doppler effect, void effect, moderator tem-
perature reactivity) corresponding to the change in
reactor power. In step 27C, changes in a control reac-
tivity KB necessary for performing the load variation
program 37A are obtained. As shown 1n FIG. 12, the
control reactivity KB is equal in absolute value to the
reactor core reactivity shown in FIG. 11 and only dis-

- tinct therefrom in positive and negattve signs. Thus, by

introducing as a control reactivity a reactivity which i1s
reversed in sign, it is possible to perform the load varia-
tion program 37 by causing the number of neutrons
produced and the number of neutrons absorbed in the
core to balance.

In step 27D, control time units are set. As shown 1n
FIG. 13, the control reactivity KB i1s split by using a
time division reactivity AKI, to provide control time
units corresponding to times Ti-T,. The time division
reactivity AKI is transmitted together with the load
variation program 37A to the load follow-up control
apparatus 24 from the control board 34. In the load
variation program 37B, the time at which a fall in reac-
tor power is initiated, the time at which the fall 1n reac-
tor power is finished, the time at which a rise in reactor
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power is initiated and the time at which the rise in reac-
tor power is finished are made to correspond to the
control time units.

In step 27E, the liquid poison removing and injecting
reference rates Vase €ach corresponding to one of the
control time units set in step 27D obtained. The liquid
poison removing and injecting base rate Vg
(T,—Tu+1) for a period from a time T, to a time T, 41
is obtained by the following equation:

KB(Ty41) — KB(T) 1

Tn+l — Ty J

(14)
Voase(Tn — Tn—i—l) -

where T, and T, are the nth and (n+ 1)th control
time unit starting times respectively, and j is a reactivity
of the liquid poison per unit concentration thereof. The
value of j is obtained based on the relation between the
liquid poison concentration in the heavy water and the
reactivity attributed to the liquid poison shown in FIG.
14. FIG. 15 shows the results of calculation done on the
liquid poison removing and injecting reference rate
V pase Obtained in step 27E for the control time units are
shown in FIG. 15. Positive values above zero of the
ordinates are for liquid poison injection, and negative
values below zero are for liquid poison removal. The
results of calculation correspond to the load variation
program 37B.

An output signal of step 27E or the rate signal shown
in FIG. 13 is transferred to step 27F to which i1s also
transferred to output AV cg of the liquid poison remov-
ing and injecting rates correcting device 26. The refer-
ence rates Vpgse corrected by the AV g in step 27F to
provide corrected liquid poison removing and injecting
rates V, which are expressed by the following equation:

V)= Vpase(t) + AV CR(1) (15)

The rates V, are thus modified to V(t) and trans-
ferred to step 27G. When the injection rate signal
VcrIN or removing rate signal VcgrOU7 from the con-
trol rod position correcting device 28 is not transferred
to step 27G, the liquid poison removing oOr injecting rate
V(t) is inputted from step 27G to a liquid poison re-
moval control unit 29A or liquid poison injection con-
trol unit 29B. Stated differently, when the value of V(1)
is negative, the V,(t) is outputted to the liquid poison
removal control unit 29A, and when it is positive, the
V,(t) is outputted to the liquid poison injection control
unit 29B. If the injection rate signal VcgrfV or removal
rate signal VcrOUT is transferred to step 27G, then the
injection rate signal V crf/Vtakes priority over V(t) and
is inputted to the liquid poison injection control unit
29B in step 27G in place of the V(t) or the removal rate
signal V crC@UT takes priority over the V,(t) and 1s input-
ted liquid poison removal control unit 29A in step 27G
in place of the V(t), even if the V(t) is transferred from
step G. The injection rate signal Vcr!¥V is cancelled
when an operation interruption signal Syyis inputted to
step 27G from the control rod position correcting de-
vice 28, and the removing rate signal VcrOUT is can-
celled when an operation interruption signal Soyr 18
inputted to step 27G from the control rod position cor-
recting device 28. Stated differentialy, outputting of the
signal V(t) from step 27G 1s initiated.

The function of the introduced reactivity calculating
unit 31 will be described by referring to FIG. 16. In the
introduced reactivity calculating unit 31, a reactivity
K(t) introduced in the core at a time t i1s obtained based
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on the position of the control rods 6 actually inserted in
the reactor core and the concentration of the liquid
poison in the heavy water, and a liquid poison injecting
or removing rate V (T,_1~T},) is obtained for a period
from a time T,—; to time T, of the following day by
incorporating a change AK (T, —1~Ty) occurring in a
period from time T,_1 to a time T, which are the con-
trol time units of the introduced reactivity (t). Opera-
tions performed to obtain the introduced reactivity K(t)
and the liquid poison injecting or removing rate V
(T, —1~T») will be described in detail.

The position signal Hcgr(t) of each control rod 6
outputted by each control rod position detector 8 is
inputted to the introduced reactivity calculating unit 31.
An output signal a of the liquid poison concentration
meter 14 of the liquid poison injecting device 9 and an
output signal W of the flow meter 15 of the device 9 are
inputted to the introduced reactivity calculating unit 31
via the liquid poison injection control umit 29B. An
output signal W of the flow meter 21 of the hquid
poison removing device 16 is inputted to the introduced
reactivity calculating unit 31 via the liquid poison re-
moval control unit 29A (step 31A). The number of
control rods 6 moved for a period Atg (five minutes, for
example) until the time t is obtained from the position signal Hcr(t) of
each control rod 6 at the time t (step 31B). Whether or
not the control rods 6 have moved is determined based
on whether Hegr(t)=Hcgr(0) or Hcr(t)s=Hcr(t) holds.
If Hcr(t)=Hcr(o) holds, the control rods 6 have
moved during the period Atg; if Hcor(t)=Hcr(0) holds,
the control rods 6 have not moved. Hcr(0) represents
the position of the control rods 6 at a time earlier by At,
than the time t. The period At, is stored in the memory
of the introduced reactivity calculating unit 31. The
period At; for which any number may be arbitranly
selected may be inputted through the control board 34.

The introduced reactivity C(t) introduced in the reac-
tor core by all the control rods 6 moved during the
period At, is obtained by the following equation:

Codt)=C4/1)— C4/0) (16)
C44t) is a control rod reactivity corresponding to
Hcrit), and C4{0) is a control rod reactivity corre-
sponding to Hcri{0). 1 indicates the number of control
rods 6 that have moved, and includes 1, 2, . . ., n. Based
on the characteristics shown in FIG. 17, the C4t) and
C4/0) have values corresponding to the positions of the
control rods 6 or Hcrt) and HcrA0).

Thus, the introduced reactivity C(t) i1s expressed by
the following equation:

17
cy = X Coi ()

o=

When the introduced reactivity attributed to the con-
trol rods 6 withdrawn from the reactor core is greater
than the introduced reactivity attributed to the control
rods 6 inserted in the reactor core during the period At,,
the C(t) has a positive value. When the former intro-
duced reactivity is smaller than the latter introduced
reactivity, the C(t) has a negative value. Then, a liquid
poison injecting time ATj and a liquid poison removing
time AT; during a period At, until the time t are ob-
tained (step 31D). The times AT and AT are obtained
as follows.
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Whether or not injection of liquid poison has been
performed and whether or not removal of hiquid poison
has been performed are determined based on flow sig-
nals W1 and Wj. When the liquid poison injection oper-
ation and removal operation have not been performed,
the flow signals W; and W3 are both zero; when the
injection and removal operations have both been per-
formed, the signals have values greater than zero.

- The liquid poison injecting time AT, for the period
At,; is determined as described in paragraphs (i)-(v)
with periods At;, Atpand At. having the following rela-
tion At;> Aty > At

(i) When W1>0 for a period between (t— Atp) and t,

AT1=Aty; |
(il When W >0 for the period AT =At;;

(iii) When W;>0 for a period between (t—At;) and

(t—Atp), AT1=At,—Atp; and
(iv) When W;>0 for a period between (t— Atp) and

(t—At), AT1=A1,—At,.

The liquid poison removing time AT for the period
At, is determined as described in paragraphs (v)-(vii):
(v) W2>0 for the period between (t—Atp) and t,

ATyr=Aty;

(vi) When W2 >0 for the period At,, AT2=Atg;
(vii) When W3 >0 for the period between (t— Atg) and

(t—Atp), ATr=Ar;—Atp; and
(viii) When W30 for the perior between (t— Atp) and

(t—Aty), ATr=At,—At.. In step 31E, calculation 1s

done on an introduced reactivity P(t) introduced

during the period At, by adjusting the concentration
of the liquid poison by using the liquid poison inject-
ing time AT and liquid poison removing time AT,
obtained in step 31D, by the following

P=fla, AT)+AW, AT?) (18)

The f(a, AT) and f (W3, AT») are obtained based on
the characteristics shown in FIG. 18. The value of the
former is obtained from the characteristic of solid lines
in FIG. 18, and that of the latter is obtained from the
characteristic of broken lines in FIG. 18. The character-
istic of the solid lines is shown by using the concentra-
tion a of the introduced liquid poison as a parameter,
and the characteristic of the broken lines is shown by
using the flow rate W> of the liquid poison supplied to
the liquid poison removing toward 18 as a parameter.
The value of P(t) is positive when the introduced reac-
tivity attributed to the removal of the liquid poison is
greater than the introduced reactivity attributed to the
injection of the liquid poison, and its value is negative
when the former reactivity is smaller than the latter
reactivity.

A reactor power (thermal output of a reactor) under-
goes a gradual change as the degree of burnup of the
fuel increased for it is affected by a change 1n the power
coefficient caused by deterioration of fuel and other
factor. Such change in reactor power is very small in
magnitude in initial stages of a load follow-up operation.
However, the magnitude of change accumulated be-
comes great when 80 days have passed since the initia-
tion of the operation. That is, the magnitude of change
occurring in the reactor power on the 80th day of oper-
ation is equal to the magnitude of change occurring in
the reactor power as a result of manipulation of the
control rods for 1440 times or 18 times a day. Thus, the
change in reactor power caused by a change in the
power coefficient of the core can be compensated for if
the introduced reactivity mtroduced in one day by ma-
nipulating the control rods 18 times is split into parts by
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the period of time At, and each part is introduced into
the core during each period At,. A correction m(t) to
the made to the introduced reactivity at the time t; 1s
obtained by the following equation (step 31F):

m(1)=APK-APOWER(?) (19)
where APK is a change per day in the core reactivity
which corresponds to a change of 1% of the reactor
power, and APOWER(t) is a change in the reactor
power for the period At, until the time t.

Then, a total introduced reactivity AK(t) introduced
into the core at the time t after lapse of the period At,1s
obtained by the following equation (step 31G):

AK(1)=C(t)+ P(1) m(1)

(20)

Thereafter, a control time unit T, 1s set (step 31H).
That is, the present time t is the control time unit T,. the
time (t— Atz) which is earlier by At, than the time t ts a
control time unit T,,_1.

The liquid poison removing and injecting rates
(T,—1~T,) for the period At between the control time
unit Ty —1 and the control time unit Tn Of the next fOl]OWing
day are obtained from the following equation (step 311):

1 . (21)
T — To X = (ppm/min)

where « is a value for conversion of the concentration
of a liquid poison (AK/ppm).

The liquid poison removing and injecting rates
V(T -1 ~Ty) and introduced reactivity
AK(T,_1~Tp,) obtained for the control time units after
the initiation of a fall in the reactor power according to
the load variation program 37B are inputted to the
liquid poison removing and injecting rates indicating
unit 32.

FIG. 19 shows the liquid poison removing and 1nject-
ing rates providing unit 32 which receives as its mnputs
from the introduced reactivity calculating unit 31 the
values of the liquid poison removing and injecting rates
V(To~T1 ), V(T:~T2) . . . V(Ty-1~Ty) and
AK(To~T1), AK(T1~T3) . .. AK(Tp-1~Ty) corre-
sponding to the control time units Ty, T2... Ty—1and
T, respectively (step 32A) and stores these values in a
memory (magnetic disc, magnetic drum, etc.) (step
32B). The control time units Ty, T2... T, cover a per-
iod from the initiation of the load follow-up operation
to the time T, a period from the time T} to the time T>
.. . a period from the time T, to the time T, repsec-
tively. The value of V (T,-1~Tp) is for a period be-
tween the time T, —1 and the time T, of the next follow-
ing day, but the value of AK (T, —1~T,) is for a period
between the time T,,_1 and the time T, of today. These
values are inputted from the introduced reactivity cal-
culating unit 31 and stored in the memory every day.

Then, an introduced reactivity AK(to~Tg¢) 1s oOb-
tained for today and the day before for a period of 30
minutes (arbitrarily selected) following the initiation of
a fall in the reactor power in a load follow-up operation
(step 32C). The introduced reactivity AKy (To~Te) of
the day before represents the sum of AK (To~T1) . ..
AK (T5~Tg) of the day before stored in the memory.
The introduced reactivity AKTo~Te) of today repre-
sents the sum of AK (Tg~Tj)... AK (Ts~Tg) of today
stored in the memory. The introduced reactivities are
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control reactivities necessary for performing the load- |

variation program 37A shown in FIG. 12. The value of

AK,(To~Ts) for the first day of a load follow-up opera-

tion according to the load variation program 37A can-
~ be obtained, but the value of AKy(To~ Ts) for the day

~ before is naturally zero. The values of AK;(To~Te¢) and
AK;(To~Te¢) are compared with each other (step 32D)

‘equation (22), a NOT signal is outputted in step 32D and -
inputted to the overall reactor power control apparatus .

- 33 which holds the switch 35 closed upon receipt of the
- NOT signal. That is, when AK, (To~ T¢) does not sat-
- 1sfy the conditions of equation (22), a load follow-up
operatlon by the load follow-up control unit 24 or the
o :[predlctlons based on equatlons (10) and (11)] having a 20
correcting function is performed continuously even

© . 0.99AKATo~Te)=AKATo~Te)=1.01 -

by the followmg equation:

-ﬁKy(Tg-.-Tﬁ) |

When AK{To~Tsg) does not satlsfy conditions of

o after the time T of today.
 When AK,; (To~Te) satisfies the conditions of equa- =

tion (22), a YES signal is outputted in step 32D. Strictly

' speaking, the YES signal is preferably outputted ‘when
AK; (To~Te)=AK, (To~Ts). However, since an out-

~ put signal of a detector might contain an error, compari-
. son of AK; (To~Te) with AK, (To~T¢) may be per- -
formed in an allowable range of 1% as shown in
equation (22). AK{Tp~Tg) might become greater than

16

output them to the llqmd poison removal control unit
- 29A or the liquid poison inject on control unit 29A at all
times.

~ The function of the load follow-up operation control

.5

- pressure tube type nuclear reactor operated to provide
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30

- AK, (To~ Te) by an amount corresponding to the differ- .

. small for one day and falls within +=1%. When the YES
- s:gnal 1S outputted the liquid poison remowng and in-

ence of correction m(t). However, the difference is

- which were obtamed the day before (in step 311 shewn |
in FIG. 16) and stored in the memory in step 32E are

successively retrieved from the memory in conformity
with the passage of time today. The retrieved liquid
poison removing and injecting rates V (T,—1~1,) are
outputted separately by being divided into a liquid poi-
son removing rate Vouyr(T,—1~Ty) and a liquid poison
injection rate V;n (T,—1~T) in step 32F. The liquid
poison removing rate Vour (T, —1~T,) which is nega-
tive in value is supplied to the liquid poison removal
control unit 29A. The liquid poison injecting rate Vy
(Ty—1~ Tp) which is positive in value 1s supplied to the
liquid poison injection control unit 29B.

The YES signal is inputted to the overall reactor
power control apparatus 33 as soon as it is outputted in
step 32D. When the YES signal is inputted to the con-
trol apparatus 33, the control apparatus 33 opens the
switch 35. Thus, if AK,;(To~ Te) satisfies the conditions
of equation (22), then the load follow-up control ef-
fected by the load follow-up control unit 24 is termi-
nated and a load follow-up control is performed by the
constant load follow-up apparatus 30. The load follow-
up control performed by the constant load follow-up
apparatus 30 is based on the load variation program 37A
and performed continuously so long as AK,;(T,—1~Th)
satisfies the conditions of equation (22). When the load
follow-up control is performed by the constant load
follow-up control apparatus 30, the liquid poison re-
moving and injecting rates providing unit 32 retrieves
from the memory the liquid poison removing and inject-
ing rates V (T,—1~T,) based on the introduced reac-
tivity of the day before which were obtained in step 311
of the introduced reactivity calculating unit 31 and
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system has been described. A load follow-up operation

me_thed performed by using this load follow-up opera-

tion control system will now be described in chronogi- -~
cal sequence. | o
When a load follow-up operatlon 1S performed In.

accordance with the load variation program 37A in a

a 100% electrical power, the operator manipulates the
control board 34 which gives instructions to the overall

_ reactor power control apparatus 33 which in turn closes .
-the switch 35 The load v‘ariation program 37A for

- minating unit 27 of the load follow-up control apparatus
- 24 calculates the liquid poison removing and injecting

reference rates Vgse In accordance with steps 27A-27E

_ shown in FIG. 9. Immediately after the load follow-up
-operation 1s started in accordance with the load varia-
tion program 37B and the reactor power begins to fall,

-V, (1)=V e because AV cr(t) is zero, so that an injec-
tion of liquid poison is started based on Vg, That is, -

V(t) which is positive in value is inputted to the liquid

poison injection control unit 29B which opens the stop- |
value 12 and brings the flow control valve 13 to a prede-

~ termined opening, to supply a liquid poison from the
'llqllld pmson tank 11 to the heavy water c1reulatmg lme |

. 29B effects feedback control_by mputtmg the output- .
signal Wy of the flow meter 15 and adjusting the open-

ing of the flow control valve 13 to a predetermined
level, to being a predetermined value to V(t). The
liquid poison supplied in this way is led together with
the heavy water to the calandria tank 1 to thereby lower
the reactor power. As the reactor power begins to fall
as a result of introduction of the liquid poison, the reac-
tor power is influenced by the number density of xenon
in the core and tends to deviate from the load variation
program 37B which is the reference line and rise above
the upper limit value 38 or fall below the lower limit
value 39. This means that the prediction made by using
the core point xenon kinetic model of equations
(10)-(13) defects from the actual change. When this is
the case, the block 25C functions to drive the control
rod drive mechanisms 7, to insert into or withdraw from
the reactor core the drive rods 6 connected to the mech-
anisms 7, to adjust the reactor power to lie between the
upper limit value 38 and lower limit value 39. The intro-
duced reactivity obtained by the movement of the con-
trol rods 6 is added to the reference rates Vs In step
27F of the liquid poison removing and injecting rates
determining unit 27 as a correction AV cgr(t) to be made
to the liquid poison removing and injecting rates for the
next following mean differential time At (10 minutes)
obtained in steps 26A-26E of the liquid poison remov-
ing and injecting rates correcting device 24. In the next
following mean differential time At, the liquid poison is
injected into the heavy water based on V (t) added with
AV cr(t) Thus, the introduced reactivity attributed to
the movement of the control rods 6 i1s compensated for
by a change in the concentration of the liquid poison,
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~ thereby enabling the number of times of operation of
the control rods 6 after the next following mean differ-
ential time.

The control rod position signal Hcgr(t), liquid poison
concentration signal a and flowrate signals Wi and W3
are inputted to the introduced reactivity calculating
unit 31 which performs operations of steps 31B-311, to
obtain liquid poison removing and injecting rates V
(T,_1~T,) for a period At,between t;,_1and T, of the
next following day. The values obtained are stored in
the memory in step 32B of the liquid poison removing
and injecting rates providing unit 32 at all times. Also,
the introduced reactivity calculating umt 31 obtains
introduced reactivity AK,; (To~T¢) as shown step 32C
at a point in time (Tg) at which 30 minutes (ATp) has
elapsed since the initiation of a fall in the reactor power.
The point in time at which load follow-up operation 1s
initiated is the first day of the load follow-up operation
and the introduced reactivity AKy (To~Te) of the day
before is zero. Thus, the liquid poison removing and
injecting rates providing unit 32 outputs a NOT signal
to the overall nuclear power control apparatus 33, so
that the switch 35 remains closed and the load follow-
up operation of the first day i1s controlled by the load
follow-up control unit 24.

When one hour has elapsed following the initiation of
the load follow-up operation, removal of the hqud
poison is performed as shown in FIG. 16. Removal of
the liquid poison is effected by inputting V, (1) which 1s
negative in value from the liquid poison removing and
injecting rates determining device 32 to the liquid poi-
son removal control unit 29A which, upon recept of
negative V,(t), opens the stop valves 19 and 20 and
reduces the opening of the flow control valve 22 to
enable the V(t) to be obtained. The output signal W» of
the flow meter 21 is inputted to the liquid poison re-
moval control unit 29A which effects feedback control
of V, (t). The liquid poison in the heavy water is re-
moved therefrom by ion exchange resin in the removing
tower 18, resulting in a fall in the concentration of the
liquid poison in the heavy water. This compensates for
a reduction in the reactor power cause by a reduction in
the concentration of xenon, thereby keeping the reactor
- power constant. When the control rods 6 are manipu-
lated to keep the reactor power between the upper limit
value 38 and lower limit value 39, a correction AV cg(t)
is obtained and taken into consideration in effecting
liquid poison concentration control in the next and
following mean differential time At, in the same manner

as described hereinabove. Between 1 and 9 hours during

which the reactor power is kept constant, removal and
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injection of the liquid poison are performed in accor-

dance with changes in the concentration of xenon.

When it is desired to raise the reactor power to a high
level after low power operation is finished, the liquid
poison removing device 16 is actuated by the negative
V(t) outputted by the liquid poison removing and In-
jecting rates determining unit 27,

As the reactor power reaches a high level, the liquid
poison injecting device 9 is first manipulated and then
the liquid poison removing device 16 is manipulated
after lapse of time, to keep the reactor power at a 100%
level. The correction AV gr(t) is naturally added 1n
effecting control of the condensation of liquid poison.

In performing load follow-up operation (load follow-
up operation of a first load variation cycle) for a first
day (24 hours after initiation of load follow-up opera-
tion), a changing rate of liquid poison concentration 1s
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provided, when the control rods 6 deviate from an
allowable range of movements centering on an 1initial
position (reference position Hcr?, to compensate for
the deviation by the control rod position correcting unit
28 in steps 28C and 28F. The changing rate of liquid
poison concentration is outputted from the liquid poison
removing and injecting rate determining unit 27 to the
liquid poison removal control unit 29A or liquid poison
injection control unit 29B. Thus, the introduced reactiv-
ity due to the aforesaid deviation is replaced by an intro-
duced reactivity due to a change in the concentration of
liquid poison, so that the control rods 6 are restored to
the allowable range of movements.

In performing load follow-up operation (load follow-
up operation of a second load variation cycle) for a
second day, the operation 1s performed based on the
value [amended by Vcg(t)] predicted by the load fol-
low-up control apparatus 24 until 30 minutes elapses.
AK, (To~Te) which is the introduced reactivity of the
second day and AK,, (To~Ts) which i1s the introduced
reactivity of the first day are compared with each other
in step 32D of the liquid poison removing and injecting
rates providing unit 32. As can be seen clearly in a
characteristic 4 in FIG. 1, the mtroduced reactivity
obtained in the first 30 minutes of the second day 1s
much higher than the corresponding introduced reac-
tivity of the first day. The introduced reactivity 1s equal
in absolute value to the core reactivity of the character-
istic 4 and only distinct from it in sign as to whether it
is positive or negative. Therefore, comparison of AK,
(To~Te) and AK; (To~Te) may be performed with
regard to the core reactivity, not the introduced reac-
tivity.

Although the liquid poison removing and injecting
rates for the control time unit T, of the second day
obtained in the first day are stored in the memory as
described hereinabove, load follow-up operation is per-
formed after Tg on the second day based on the value
predicted by the load follow-up control apparatus 24,
because the introduced reactivity of the first day differs
from that of the second day.

In performing load follow-up operation (load follow-

up operation of a third load variation cycle), the opera-

tion is performed by the load follow-up control appara-
tus 24 until 30 minutes elapses as 1s the case with the
operation for the second day. At a point in time at
which 30 minutes has elapsed following initiation of the
operation, AK,; (To~Tg) which is the introduced reac-
tivity of the second day is compared with AK,(To~T¢)
which is the introduced reactivity of the third day in
step 32D. As can be clearly seen in the characteristic 4
shown in FIG. 1, they are equal in value. Thus, a YES
signal is outputted from the liquid poison removing and
injecting rates providing unit 32 to the overall reactor
power control apparatus 33 to open the switch 35,
thereby terminating the control effected on the basis of
the value prodictéd by the load follow-up control appa-
ratus 24. Thereafter, load follow-up operation is per-
formed based on the liquid poison removing and inject-
ing rates V (T,_1~T,) outputted from the liqmd poi-
son removing and injecting rates providing unit 32. This
load follow-up operation is performed based on a reac-
tivity actually introduced on the previous day. Thus,
when an introduced reactivity is equal to a reactivity
introduced on the previous day, load follow-up opera-
tion is advantageously performed based on a liquid
poison removing or injecting rate V (T,_1~T,) ob-
tained on the basis of a reactivity actually introduced on
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the previous day, because the need to perform calcula-
tion to obtain a value by prediction can be eliminated.
This is conducive to increased safety of the nuclear
reactor because load follow-up operation performed by
taking the concentration of xenon into consideration is
facilitated. Also, the number of times of operation of the
control rods in performing load follow-up operation on
the next following day is greatly reduced, thereby
markedly reducing the possibilities of damage to the
fuel.

On a fourth day and after, load follow-up operation 1s
performed based on outputs of the liquid poison remov-
ing and injecting rates providing umt 32.

The liquid poison removing and injecting rates de-
scribed hereinabove refers to liquid poison concentra-
tion changing rates. Liquid poison injection means an
increase in liquid poison concentration; liquid poison
removal means a decrease in liquid poison concentra-
tion. '

The method of operation control according to the
invention can also be carried into practice in a pressu-
rized-water nuclear reactor which, like a pressure tube
type nuclear reactor, also relies on manipulation of the
control rods and adjustments of the concentration of a
liquid poison for effecting reactor power control. An-
other embodiment of the invention will be described by
referring to a pressurized-water reactor shown in FIG.
20.

The pressurized-water reactor comprises, as shown, a
reactor vessel 50, a core 51, a lower core support plate
52, a core tank 53, buffer plates 54 interposed between
the core tank 53 and core 51, a thermal shield 35 inter-
posed between the core tank 53 and reactor vessel 50, a
multiplicity of control tubes 56 in which control rods
are inserted, and fuel assemblies §7 located in the core
51. The control rods are connected to control rod dnive
mechanisms 7 having position detectors 8.

‘The reactor vessel 50 includes a lid 60, an inlet nozzle
59 and an outlet nozzle 58. Cooling water containing a
liquid poison flows through a primary cooling system
62 and via the inlet nozzle 59 into a lower plenum 63 of
the reactor vessel 50 as a pump is actuated. The cooling
water is further supplied to the core 51 where it is
heated and discharged through an upper plenum 62 and
via the outlet nozzle 58 into the primary cooling system
62, so that the cooling water of high temperature is led
to a heat transfer tube 65 of a steam generator 63. Feed-
water is supplied to the side of a shell of the steam
generator 63 through a feedwater line 64, so that heat
exchange takes place between the feedwater of low
temperature and the cooling water of high temperature
to turn the feedwater to steam which flows into a main
steam line 66.

Like the first embodiment, this embodiment has a
liquid poison injecting device 9 and a liquid poison
removing device 16 of the same construction as the
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corresponding devices of the first embodiment. A load -

follow-up operation control system for the pressurized-
water reactor of the aforesaid construction comprises a
load follow-up control apparatus 24, a liquid poison
removal control unit 29A, a liquid poison injection
control unit 29B, a constant load follow-up control
apparatus 30, an overall reactor power control appara-
tus 33 and a control board 34.

The second embodiment of the operation control
method according to the invention can be performed in
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the pressurized-water nuclear reactor of the aforesaid

construction by using the load follow-up operation

20

control system of the aforesaid construction in the same
manner as described by referring to the first embodi-
ment, so that detailed description will be omitted.

What is claimed 1s:

1. An operation control method for a nuclear reactor
wherein the reactor power of the nuclear reactor hav-
ing first control means for effecting coarse adjustments
of the reactor power and second control means for
effecting fine adjustments of the reactor power 1s con-
trolled in accordance with a predetermined load varia-
tion schedule in which variations in load within a prede-
termined time period are cyclically repeated and which
is distinct from a previously followed load varation
schedule, comprising the steps of:

obtaining a reactivity introduced by operating the

control means in a first cycle of said load variation
schedule;

obtaining a manipulated variable of said second con-

“trol means for a second cycle of the load variation
schedule which follows the first cycle based on the
reactivity introduced in the first cycle; and

effecting control of the reactor power by actuating
the second control means in the second cycle based
on the manipulated variable obtained in the first
cycle.

2. An operation control method as claimed in claim 1,
wherein the reactivity introduced by the operation of
the control means is a reactivity introduced by the oper-
ation of said first and second control means.

3. An operation control method as claimed in claim 1
or 2, wherein the manipulated variable of the second
control means is obtained during the operation period of
said first cycle and its value is stored, and the operation
of said second control means is performed based on the
stored manipulated variable, to thereby control the
reactor power during the second cycle.

4. An operation control method as claimed in claim 3,
wherein said operation period of the second cycle is
split into a plurality of control time units, and a manipu-
lated variable of said second control means for each of
said control time units is obtained and stored.

5. An operation control method as claimed in claim 3,
wherein said first control means comprises control rods,
and said second control means comprises liquid poison
concentration adjusting means.

6. An operation control method for a nuclear reactor
wherein the reactor power of the nuclear reactor hav-
ing first control means for effecting coarse adjustments
of reactor power and second control means for effect-
ing fine adjustments of reactor power is controlled in
accordance with a predetermined load variation sched-
ule in which variations in load within a predetermined
time period are cyclicaly repeated and which is distinct
from a previously followed load variation schedule,
comprising the steps of:

obtaining a reactivity introduced by operating the

control means in a first cycle of said load variation
schedule;
obtaining a manipulated variable of said second con-
trol means for a second cycle of the load variation
schedule which follows the first cycle based on the
reactivity introduced in the first cycle; and

operating said second control means based on the
manipulated variable obtained in the first cycle
when a change in reactivity in the second cycle has
become equal to a change in reactivity in the first
cycle, to thereby effect control of the reactor
power in the second cycle.
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7. An operation control method as claimed in claim 6,
‘wherein the reactor power is controlled 1n the second
cycle, when the change in reactivity in the second cycle
is distinct from the change in the first cycle, by follow-
ing a step in which a reactivity which shows a change
with time is set based on the load variation schedule
program and data obtained for analyzing dynamic char-
acteristics of a reactor core, a step in which a changing
rate of the reactivity set in the preceding step 1s ob-
tained and a step in which said second control means is
operated in accordance with the changing rate obtained
in the preceding step, said control of the reactor power
being repeatedly performed until the change in the
reactivity of the next following cycle becomes equal to
the change in the reactivity of the preceding cycle, and
said second control means is operated based on the
manipulated variable obtained in the preceding cycle, to
thereby control the reactor power during the second
cycle. |
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8. An operation control method as claimed in claim 6, 20

wherein the reactivity introduced by the operation of

the control means is a reactivity introduced by the oper-

ation of said first and second control means. |
9. An operation control method as claimed in claim 6

or 8, wherein the manipulated variable of the second 25

control means is obtained during the operation period of
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said first cycle and its value is stored, and the operation
of said second control means is performed based on the
stored manipulated variable, to thereby control the
reactor power during the second cycle.

10. An operation control method as claimed in claim
9, wherein said operation period of the second cycle is
split into a plurality of control time units, and a manipu-
lated variable of said second control means for each of
said control time units is obtained and stored.

11. An operation control method as claimed 1n claim
9, wherein said first control means comprises control
rods, and said second control means comprises liquid
poison concentration adjusting means.

12. An operation control method as claimed 1n claim
7, wherein when said first control means is operated, the
reactivity set in said step for setting a reactivity which
changes with time is corrected based on the reactivity
introduced by the operation of said first control means
to provide a corrected reactivity, and a changing rate of
the corrected reactivity 1s obtained.

13. An operation control method as claimed in claim
7 or 12, wherein first control means comprises control
rods, and said second control means comprises liquid

poison concentration adjusting means.
¥ % *x * %*
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